Processing of concentrated lignocellulosic biomass suspensions typically involves the conversion of the cellulose into sugars and sugars into ethanol. Biomass is usually preprocessed (i.e. via comminution, steam explosion, etc.) to form fine cellulosic fibers to be dispersed into an aqueous phase for further treatment. The resulting cellulose suspensions need to be pressurized and pumped into and out of various processing vessels without allowing the development of flow instabilities that are typically associated with the "demixing", i.e., the segregation of the cellulosic biomass from the aqueous phase. Here, it is demonstrated that the use of a gelation agent, hydroxypropyl guar gum (HPG) at the relatively low concentration of 0.5 wt% significantly affects the development of viscoelastic material functions of cellulosic suspensions, and improves the dispersive mixing of the cellulose fibers within the aqueous phase. This results in the reduction of the flow instabilities and associated demixing effects that are ubiquitously observed during the pressurization of cellulosic suspensions in Poiseuille and compressive squeeze flows.
Introduction
Lignocellulosic biomass has played a key role in daily life for centuries for heating, cooking, clothing and paper manufacture. Lignocellulosic biomass can also serve as an alternate clean energy source upon being converted into ethanol or H 2 to reduce reliance on fossil fuels [1, 2] . Sustainable cellulosic biomass encompasses various perennial grasses including those that use C4 biosynthesis, i.e., sugarcane stover, elephant grass, switch grass and agave. Other sources include woody biomass from lumber industries and excess wood residues from forests [3, 4] . The annual quantity of processed cellulose has reached over 10 7 5 10 .  tons globally [5] .
Lignocellulosic biomass consists of three basic components, i.e., 15-20 wt% of lignin (a non-fermentable phenyl-propene unit), 40-50 wt% of cellulose (a glucose polymer) and [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] wt% of hemicellulose (a sugar heteropolymer) plus smaller concentrations of minerals, oils and soluble sugars [6, 7] . The conversion of the lignocellulosic biomass to biofuels usually involves a pretreatment process which includes the removal of lignin or the hemicelluloses, or both, to convert the cellulose so that it is more accessible to treatment. For example, the removal of hemicellulose can be accomplished by hydrolysis in water using conventional vertical or horizontal digesters used in pulp and paper. Sometimes an acid is used to further hydrolyze the cellulose to glucose. Horizontal digesters can also be used to carry out the hydrolysis pretreatment of the biomass and/or steam explosion simultaneously. In steam explosion the biomass is treated with high pressure steam, then it is rapidly depressurized; the depressurization destroys the fibrous structure producing small micron size particles, making the cellulose more accessible to downstream processing such as enzymatic or hydrothermal treatments.
In some processes steam explosion can be carried out downstream of vertical digesters for size reduction. The removal of lignin can effectively be realized via alkaline, NaOH, or ammonia treatment in digesters. It can also be done using reactive extrusion [4, 8] . The pretreatment targeting lignin or hemicellulose removal, is usually followed by a hydrothermal or enzymatic conversion of the cellulose to sugars and fermentation of the sugars to ethanol [1, 9, 10] . Although it is possible to directly convert biomass to ethanol without the conventional pretreatment processes [11, 12] such conversions are currently limited because of the expensive nature of the catalysts and the bacteria used [13] . Regardless of the path of conversion and the type of processing chosen, the cellulosic biomass needs to be mixed with water or solvents to generate suspensions which have to be further pumped and processed in between various treatment vessels [14, 15] .
Such pumping and processing can be challenging because of the need to improve processing efficiencies and to reduce costs, while keeping the concentration of the biomass in the suspension relatively high, i.e., in the wt% range of 10 to 20% (volume fraction, , range of 0.07 to 0.15) [14, 15] . The processing of suspensions of cellulosic fibers with relatively high aspect ratios (fiber length over the fiber diameter) at such high concentrations is difficult. The fibers can form particle to particle networks which can span the volume of the suspension to induce gel-like behavior, that in turn prevents the break-up of particle agglomerates during mixing and thus limit the dispersion of the cellulose particles within the aqueous matrix.
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Furthermore, during subsequent processing the cellulose fibers can readily "demix", i.e., segregate from the aqueous phase either due to sedimentation, given sufficient time, or when the cellulosic suspension is forced to undergo pressure-driven flows, especially through converging geometries (involving the reduction of cross-sectional area available for flow). Such pressure-driven converging flows readily give rise to the development of flow instabilities that manifest themselves by the unsteady nature of the pressures necessary to maintain flow as a consequence of the formation of mats of solids at converging geometries. The formation of mats of solids leads to the filtering of the liquid phase of the suspension and gives rise to the development of concentration gradients of particles in the bulk flow direction [4, [16] [17] [18] .
In this investigation the shear viscosity and the linear viscoelastic material functions, as well as the mixing and demixing behavior, of three aqueous suspensions of cellulosic fibers (obtained from a commercial bio-refinery) and a model suspension of microcrystalline cellulose (MCC), dispersed into deionized water, were characterized using parallel plate, capillary and squeeze flow rheometers. The effects of the incorporation of a polysaccharide based gelation agent, i.e., a hydroxypropyl guar gum on the mixing and demixing of the cellulose fibers, the associated rheological behavior and the development of flow instabilities and concentration gradients were investigated.
Experimental

Materials
Three lignin-free aqueous suspensions containing 21, 20, and 25 wt% (solid volume fraction, =0.159, 0.151 and 0.189) of cellulosic fibers were received from the biomass conversion facility of Renmatix Inc.. It was observed that the initially received shipments of the samples in five gallon containers and the time elapsed between the shipment and receiving (typically one week) gave rise to significant sedimentation effects. Sedimentation was revealed through the formation of a binder-rich layer at the top and the formation of a particle-rich layer at the bottom of the containers. How would one remix such demixed suspensions without altering the compositions of the suspensions? The path that was followed required the reshipment of the lignin-free suspensions using smaller, i.e., 1.5 L containers. This smaller size was conducive to remixing the entirety of the volume of the sample using a Ross planetary mixer with a 2 L mixing bowl. This procedure enabled the conservation of the formulation while allowing remixing.
The remixing of these three suspensions (designated as #1-3) was carried out at a rotational speed of 120 rpm and under ambient temperature in the Ross double planetary mixer. The degree of fill (volume occupied by the suspension over the volume of the mixing bowl) of the Ross mixer was kept at 75%, to allow the effective remixing of the entire asreceived suspension sample. A fourth suspension, "a model cellulose suspension," was also prepared by mixing microcrystalline cellulose (MCC) purchased from Sigma-Aldrich (Catalog#: 435236, Mo, USA) with DI water at a particle concentration of 30 wt% (solid volume fraction, =0.227).
It is very important to document the efficiencies of the mixing and remixing processes and the resulting distributions of the particle concentrations within the aqueous matrix to allow the generation of day-to-day reproducible mixtures with similar levels of homogeneity of the concentrations of the ingredients of the formulation [19] [20] [21] [22] [23] . It is generally difficult to mathematically model the dynamics of the mixing process to identify robust mixing geometries 7 and conditions [24] [25] [26] [27] [28] [29] and experimental means are preferred for the characterization of measures of "goodness of mixing" to guide the mixing process so that reproducible mixtures can be generated, as described next.
Mixing index characterization
The following analysis was used to characterize the statistics of the concentration distributions of the cellulose particles to provide measures of the "degree/goodness of mixedness" or "mixing indices" [20, 23] . If N measurements of the concentration, , s for a segregated system can be defined by assuming that the samples are taken from either one component or the other without crossing a boundary [19, 30] and the degree of mixedness, i.e., mixing index, MI, can be accordingly defined using the ratio of the standard deviation of the concentration distribution over the standard deviation of the completely segregated sample as:
Thus, the value of the mixing index, MI, would approach one for a completely random distribution of the ingredients and zero for the segregated state.
For the mixing index determination the suspension samples were subjected to thermo gravimetric analysis, TGA, using a TA Instruments Q50. Five specimens of around 20 mg each were collected from different locations inside the mixer. Each specimen was heated at a rate of 20 °C/min from ambient to 110 °C and held at this temperature for 30 min. Weight changes of the specimens were recorded as a function of time and temperature. Consequently, the total concentration variation of the cellulose fibers was used for the determination of the mixing indices.
For Suspensions #1-3 that were remixed in the Ross mixer a mixing index > 0.98 could be reached after 30 minutes of remixing. Attainment of this mixing index was considered to represent a well-mixed state. For the mixing of the MCC into DI water (Suspension #4) the mixing was carried out using an overhead propeller mixer. The mixing volume was 200 mL and the degree of fill of the mixer was kept at 50%. For the mixing of MCC into DI water 20 minutes of mixing was sufficient to reach a mixing index of 0.98.
Gelation agent
All four suspensions were also incorporated with a polysaccharide, hydroxypropyl guar gum (HPG). HPG is a well known nonionic biopolymer used as a gelling agent. It was procured from Solvay Inc. with the trade name of Jaguar HP 8 COS (CAS number 39421-75-5). Due to its intermolecular hydrogen bonding ability, HPG can aggregate into ribbon-like structures without a crosslinker present [31] . This leads to hydrogels with relatively high viscosities even at modest concentrations [32] . The gelation agent was applied at three 9 concentrations of 0.1, 0.5 and 1 wt%. A sonicator horn was used to incorporate the gelation agent into the suspension samples. A sonication duration of 10 minutes was determined to be adequate on the basis of repetitive measurements of dynamic properties (frequency-dependent linear viscoelastic moduli obtained upon small-amplitude oscillatory shear and this sonication time was kept constant for all the specimens.
Analysis of cellulose fiber lengths and diameters
For the determination of the sizes of the as-received cellulose fiber aggregates (there was significant fiber agglomeration), and the MCC fiber aggregates the remixed suspensions were diluted to 1 wt% and then dried using a vacuum oven at 110 C overnight. Upon drying, the micrographs of the fibers were obtained using a Table 1 . Suspension #1 exhibited fiber aggregate lengths that were in the 20 to 200 μm range, with 80% smaller than 100 μm. Suspension #2 exhibited aggregate lengths in the 20 to 300 μm range with 80% smaller than 150 μm. Suspension #3 exhibited the broadest fiber length distribution, i.e., the fiber lengths ranged from 40 to 400 μm, with 80% smaller than 200 μm.
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Finally, the cellulose fibers of Suspension #4 exhibited the narrowest length distribution, i.e., with 90% of the fiber lengths falling in the range of 70 to 170 μm. The mean aspect ratios (ratios of the length over the diameter) of the aggregates of Suspensions #1-4 were around 3-7.
It can be assumed that these relatively low aspect ratio aggregates will undergo exfoliation during the mixing or remixing processes to generate fibers with greater aspect ratios.
Rheological characterization
The dynamic properties, steady torsional flow and the capillary flow behavior of the four fibrous suspensions were characterized using an Advanced Rheometric Expansion System The sample loading procedure was kept the same for all the experiments (loading a constant volume of the sample via the use of a shim cavity). Consistent with our earlier investigations the suspension samples were not presheared. Preshearing itself can significantly change the structure and hence the resulting rheological behavior of concentrated suspensions [33] .
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The schematic diagram of rotational rheometry is shown in Figure 2a . 
, and
In the linear viscoelastic region all dynamic properties are independent of the strain amplitude, Such segregation and binder filtration effects could be documented earlier for converging flows of concentrated suspensions [16, 17 ].
An additional rheometer, i.e., the squeeze flow rheometer was also used to test the flowability of the suspensions. Figure 2c shows the schematic diagram of the squeeze flow rheometer. A load cell which measures the time-dependent development of the normal force was connected to a plunger. The plunger was connected to a cross-head, the velocity of which could be controlled via a stepper motor. Squeeze flow rheometry is a very convenient 13 viscometric flow for concentrated suspensions [18, 34, 35] . During squeeze flow suspension specimens of 3.5 g were placed within two mating splittable sample holders to generate diskshaped specimens with a diameter of 25 mm. The ram was immediately brought down and squeezed the disk-shaped sample at a constant speed of 0.09 mm/s and the resulting normal force versus time data were collected. no further weight changes could be detected and the weight differences before and after drying were used for the reporting of the concentrations of cellulose fibers. These two observations suggest that the four suspensions of cellulose fibers of our investigation all exhibit gel-like behavior [36, 37] . Such gels are typically viscoplastic and exhibit yield stresses [18, 23, 38] . The observed gel-like behavior in the absence of a gelation agent occurs due to the formation of a particle to particle network. It is hypothesized here that the observed decreases in elasticity and viscosity of the cellulose suspensions with increasing concentrations of the gelation agent are related to the enhanced efficiency of the dispersive mixing process due to the presence of the gelation agent at the higher concentrations. Specifically, the increase of the dispersive mixing efficiency due to the increase of the elasticity and viscosity of the binder phase could lead to decreases in the sizes of particle agglomerates thus giving rise to decreases in the elasticity and the viscosity of the suspensions. The decreases in particle agglomerate sizes can be related to the increases in the stress magnitudes that are applied on the suspensions with increasing binder viscosity and 16 elasticity (Figures 7 and 8) . When the applied stress magnitudes overcome the cohesive strengths of the fibers of the cellulose aggregates (that are typically held together with relatively weak forces) the aggregates rupture [19] .
Characterization of particle concentration distributions
Results and discussion
The cellulose agglomerates consist of aggregated cellulose fibers with extensive pores capable of holding relatively large amounts of water by capillarity [39, 40] . Similar decreases in dynamic properties and viscosity with increasing specific energy input during mixing has also been observed with various concentrated suspensions with polymeric binders [20, 22] . However, it is interesting to note that for cellulose suspensions there appears to be a critical concentration of the gelation agent (0.5 wt%) that is necessary for enabling the breakdown of the agglomerate structure to occur during the mixing process.
Effects of the gelation agent on the stability of the ram extrusion and squeeze flow processes
Figures 9a to 9d show the time dependencies of the wall shear stress, 2
Suspensions #1-4, respectively . Here P  is the total pressure drop at the apparent shear rate at the wall, The effects of the incorporation of the gelation agent on the stability of the capillary flow were striking. For all four suspensions steady flow was achieved and could be maintained for the gelation agent concentrations of 0.5 wt% and above (results for 1 wt% are not shown).
On the other hand, steady flows could not be achieved for any of the four suspensions when the gelation agent was missing or when it was incorporated at the lower concentration of 0.1 wt%.
The mechanisms of the formation of a mat of cellulose fibers and the resulting axial migration of the binder phase during capillary flow were further elucidated via the measurements of the particle concentrations in the extrudates emerging from the capillary flow ( Figure 10a shows the schematic diagram of the capillary flow.) The extrudates were collected as a function of time during extrusion and the cellulose concentrations of the extrudate sections were determined. Furthermore, the cellulose particle concentration distribution as a function of location in the barrel was also determined following the dead stop of the ram extrusion process. The segregation of the binder could be clearly demonstrated via the images of the extrudates collected during the extrusion process (Figure 10b ). The first image in Figure   10b was collected for a suspension sample containing 0.1 wt% of the gelation agent, HPG within 10 s of the initiation of the extrusion process. The image shows that the extrudate is 19 transparent, i.e., it consists of the binder only, indicating that the liquid phase was filtered out.
On the other hand, extrudates with no visible separation of the binder were observed when the gelation agent was increased to 0.5 wt% (as demonstrated with the second image in Figure   10b ).
The particle concentrations remaining in the barrel as a function of distance from the entrance to the capillary die are shown in Figure 10c (Fig. 10b) . A second segregation mechanism is associated with the formation of a mat of solids at converging flow regions with the mat acting as a filter to drive the segregation, i.e., the filtration, of the binder from the particle mat [16, 17] . Figure 11a . The filtration of the binder phase during squeeze flow of concentrated suspensions has been reported by others [48] [49] [50] on the basis of mechanisms that were documented for converging flow [16, 17] . In these earlier investigations the binder phase was observed to exhibit a relative motion compared with the bulk of the suspension due to the high permeability of the filter cake formed by the squeezed fibers [50] . It is clear that this mechanism is similar to the mechanism of development of flow instabilities, associated with the formation of a mat of solids at converging flow geometries, and the filtration of the binder through the mat which acts as a filter bed [16, 17] .
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The effects of the incorporation of the gelation agent at 0.5 wt% on the stability of the squeeze flow are again striking as shown in Fig. 11a . When the gelation agent was incorporated at 0.5 wt% the cellulose concentration at different radial locations were identical. This suggests that the cellulose suspension remained homogeneous during the squeezing flow when the gelation agent was incorporated at  0.5 wt%. Altogether this finding is consistent with the results of the capillary flow experiments which suggested that the stable flowability of the cellulose suspensions could be achieved when the gelation agent was incorporated at 0.5 wt%.
These results for the converging and squeeze flows of suspensions without the gelation agent and with the minimum gelation agent concentration of 0.1 wt% are harbingers of significant processing issues that would arise during the conversion of the biomass suspensions at the plant scale. These issues were indeed observed during the processing of these suspensions at the industrial scale especially during pumping and mixing. Typically, clogging of flow channels with cellulose fiber mats and pressure spiking were observed and led to difficulties and inconsistencies in process control and the maintenance of product quality. The role of the gelation agent at concentrations  0.5 wt% is very significant since at these concentrations the dispersive mixing of the cellulose suspensions becomes easier, while the flow instabilities associated with segregation of the binder from the solid phase diminish in importance, enabling stable continuous processability.
Conclusions
Mixing of cellulosic fibers into aqueous solutions and keeping the cellulosic fibers homogenously suspended are important industrial challenges during the processing of cellulosic biomass. This investigation focusing on the development of viscoelastic material 25 functions and capillary and squeeze flow behavior has revealed that both the dispersion of the cellulose fibers in the aqueous phase and the processability of the cellulosic suspensions can be positively impacted by the incorporation of a gelation agent, provided that the gelation agent, hydroxypropyl guar gum is incorporated above a critical concentration of 0.5 wt%. These findings provide a better understanding of the flow instabilities that occur at the industrial scale and can be used to impart better flowability and processability of cellulosic suspensions during processing. mean diameter and aspect ratio of the fibers of each suspension.
